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Ultrathin Pt films grown on insulating ferrimagnetic CoFe2O4 (111) epitaxial films display a magnetoresistance
upon rotating the magnetization of the magnetic layer. We report here x-ray magnetic circular dichroism (XMCD)
recorded at Pt-L2,3 and Pt-M3 edges. The results indicate that the Pt magnetic moment, if any, is below the
detection limit (<0.001 μB/Pt), thus strongly favoring the view that the presence of CoFe2O4 does not induce the
formation of magnetic moments in Pt. Therefore, the observed magnetoresistance cannot be attributed to some
sort of proximity-induced magnetic moments at Pt ions and subsequent magnetic-field dependent scattering. It
thus follows that either bulk (spin Hall and inverse spin Hall effects) or interface (Rashba) spin-orbit related
effects dominate the observed magnetoresistance. Furthermore, comparison of bulk magnetization and XMCD
data at (Fe,Co)-L2,3 edges suggests the presence of some spin disorder in the CoFe2O4 layer which may be
relevant for the observed anomalous nonsaturating field dependence of spin Hall magnetoresistance.
DOI: 10.1103/PhysRevB.93.214415
I. INTRODUCTION
The spin-orbit interaction is at the heart of several mag-
netoresistance phenomena observed in metals. Anisotropic
magnetoresistance (AMR) is one example and relies on the
dependence of the charge carriers scattering on the direction
of the local magnetization. Its angular dependence is well
known and has been used in magnetic sensing for decades.
In recent years, however, it has been shown that spin-orbit
interaction may have more subtle manifestations promoting,
among other effects, pure spin currents and spin accumulation
at the edges of nonmagnetic metals (NMs) in the presence of a
charge flow [spin Hall effect (SHE)] [1–3] or even unbalanced
spin distributions at the symmetry-breaking metal surfaces
and interfaces due to Rashba effect [4,5]. The presence of an
external magnetic field [6] or a neighboring magnetic layer
intimately coupled to the NM one [7–10] may modulate the
spin accumulation and, via inverse SHE (ISHE), can be sources
of magnetoresistance.
In fact, as shown by Nakayama et al. [7], if the metallic
layer is placed in intimate contact with a magnetically ordered
insulating layer, SHE and ISHE may combine to produce
resistivity changes of the metallic layer depending on the
orientation of the magnetic moments within the insulating
ferromagnetic layer [7–9]. This magnetoresistance, named
spin Hall magnetoresistance (SMR) [10], is receiving much
attention in the quest for spin-only devices. Magnetoresistance
in paramagnetic metallic layers grown onto ferromagnetic
insulators has been identified in Pt/Y3Fe5O12 (YIG) bilayers,
and several other bilayer systems including metals such as Ta
[8,11,12] or Pd [13] and magnetic insulating thin films such
as Fe3O4 [14,15], NiFe2O4 [14], CoFe2O4 [16,17], SrMnO3
[18], or CoCr2O4 [19].
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However, assigning any measured magnetoresistance in
the metallic layer, say Pt, to SMR or interface Rashba
field is challenging, as the Pt may become spin polarized
by proximity effect, prompting a radically different picture
[20–22]. Separation of these two physical origins relies on the
assessment of whether magnetic moments have been induced
or not in the metallic layer by their magnetic neighbor. As a
matter of fact, it is well known that, not only in metal-metal
interfaces (i.e. Ni/Pt) [23], but also in metal-insulator interfaces
(i.e. Co/LaFeO3) [24], magnetic moments can be induced
across the interface into the nonmagnetic phase.
In the context of magnetoresistance of the most studied
hybrid Pt/YIG bilayers, the eventual presence of induced
moments in the Pt layer has not yet received an unambiguous
answer. Indeed, while all transport experiments agree on the
presence of an induced magnetoresistance in the Pt layer,
arguments have been put forward claiming for proximity-
induced magnetic moments in Pt as the reason for the observed
magnetoresistance [25], although others denied this conclusion
and supported a spin-Hall-related origin [26]. Element sensi-
tive x-ray magnetic circular dichroism (XMCD) has been used
to determine the magnetic moment of Pt in Pt/YIG bilayers.
Gepra¨gs et al. reported XMCD data at Pt-L2,3 edges [26] of
Pt(3 nm)/(111)YIG(62 nm) bilayers where the Pt and YIG
layers were grown by electron beam evaporation and pulsed
laser deposition (PLD), respectively, on Y3Al5O12 (YAG).
Upon comparison with the XMCD signals obtained from Pt/Fe
bilayers, they concluded that the magnetization of the Pt layer,
if any, should be limited to about ≈(0.003 ± 0.001) μB/Pt
integrated over the complete Pt thickness, much smaller than
that observed in Pt/Fe interfaces [26]. In contrast, Lu et al. [25]
reported ≈0.054 μB/Pt in Pt(1.5 nm) films grown on 18 μm
thick (111)YIG layers prepared by liquid phase epitaxy on
Gd3Ga5O12 (GGG) substrates.
Recently, it has been found that bilayers formed by Pt and
insulating spinel ferrites (CoFe2O4, NiFe2O4, etc.) display an
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angular dependent magnetoresistance compatible with SMR
and interface-Rashba mechanisms, both having the same
angular variations [4,14,16]. Here, to settle if the observed
effects are a signature of spin accumulation at the interface
or of magnetic moment formation by proximity effect, we
report on XMCD measurements at the Pt-L2,3 and Pt-M3 edges
in Pt/CoFe2O4 (Pt/CFO) heterostructures complemented with
bulk magnetometry and magnetotransport measurements. We
show that, whereas a clear magnetoresistance is observed in
the Pt layer with an angular dependence fully consistent with
predictions for SMR, a negligible magnetic moment at the
Pt atoms (<0.001 μB/Pt) is derived from the XMCD data.
Therefore, we conclude that the magnetic response of the Pt
layer grown on the ferrimagnetic CFO film does not originate
from proximity-induced magnetism at Pt ions, but from bulk or
interface spin-orbit effects. X-ray magnetic circular dichroism
measurements were also performed at (Fe,Co)-L2,3 edges,
thus providing unique complementary information on the
magnetic properties of the heterostructures. Results indicate
the presence of nonsaturated ferromagnetic regions in the
CFO layer accounting for the observed nonsaturated high-field
behavior of the SMR.
II. EXPERIMENTAL DETAILS
CFO films were epitaxially grown on (111) SrTiO3 (STO)
substrates by PLD using a KrF laser with a fluence around
1.5 J/cm2 and a repetition rate of 5 Hz at a temperature
of 550 ◦C and oxygen pressure PO2 = 0.1 mbar [27]. Pt
layers (7 nm) were deposited on the CFO layers by dc
sputtering at 400 ◦C. Three different samples were prepared:
(a) STO//CFO(40 nm)/Pt, (b) STO//CFO(28 nm)/Pt, and (c)
STO//CFO(28 nm)/Pt/CFO(28 nm). All layers were grown in
an ultrahigh vacuum (UHV) setup that allows sample transfer
from the PLD to the sputtering chambers preserving UHV
conditions at all times. The STO//CFO(40 nm)/Pt sample
was patterned into Hall bars [width (W ) = 100 μm and
length (L) = 800 μm), for measuring magnetoresistance [16].
Resistivity of Pt is typically ≈20 μ cm. The STO//CFO(28
nm)/Pt bilayer, having an exposed Pt surface, was used for
x-ray absorption (XAS) experiments of Pt edges, whereas the
trilayer, having an exposed CFO surface, was used for XAS at
Fe and Co edges.
Magnetization measurements were done using a supercon-
ducting quantum interference device (SQUID) magnetometer.
Magnetotransport measurements were performed at 100 K
with external magnetic field (H ) ranging from −90 to +90 kOe
applied at different angles. X-ray absorption and XMCD
measurements were performed at the soft x-ray Pt-M3 and
(Fe, Co)-L2,3 edges at the BOREAS BL29 beamline of the
ALBA Synchrotron Light Facility, using total electron yield
(TEY) detection. Ultimate probing of magnetic moments at the
Pt electrodes was achieved by measuring the hard x-ray Pt-L2,3
edges at the ID12 beamline of the European Synchrotron
Radiation Facility (ESRF), which offers extremely high
sensitivity at high photon energies. In the latter measurements,
total fluorescence yield detection mode was used for the
collection of XAS spectra at the Pt-L3 (11 567 eV) and Pt-L2
edges (13 271 eV).
III. RESULTS AND DISCUSSION
As an illustrative indication of the sample quality, we
include in Fig. 1 the x-ray diffraction θ -2θ pattern of
the most complex heterostructure studied: STO//CFO(28
nm)/Pt/CFO(28 nm). The (hhh) reflections of CFO are well
apparent and indicate a c-axis length of 8.39 ˚A. The Laue
fringes of the thin Pt layer are also well visible. The splitting
of the Laue fringes gives a Pt thickness of about 7.3 nm, in
close agreement with the value expected from calibrated Pt
growth rate.
We show in Fig. 1(b) the room-temperature magnetization
M(H ) loops of the STO//CFO(28 nm)/Pt and STO//CFO(28
nm)/Pt/CFO(28 nm) heterostructures measured with the mag-
netic field applied in the film plane. The diamagnetic STO
signal is roughly eliminated by subtracting a linear contri-
bution extrapolated from the high-field region of the raw
data. Results reveal features commonly found in spinel oxide
films, namely a small remanence and a reduced saturation
magnetization. Indeed, the magnetization at the highest field
FIG. 1. (a) X-ray diffraction θ -2θ pattern of the STO//CFO(28 nm)/Pt/CFO(28 nm) sample. (b) Room-temperature magnetization loops for
the STO//CFO(28 nm)/Pt/CFO(28 nm) and STO//CFO(28 nm)/Pt samples. Inset in (b) is a zoom of the low-field region of the magnetization
loops (magnetization units are Bohr magnetons per formula unit).
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FIG. 2. (a) Magnetization loops for the STO//CFO(40 nm)/Pt sample with H applied along n (blue curve) and t (red curve) as sketched
in (b). (b) Top: Sketch of the experimental configuration; bottom: angle-dependent longitudinal magnetoresistance at 20 and 70 kOe, when
rotating H in a plane perpendicular to the current as shown in the sketch. RL is the measured resistance. (c) Field-dependent RL with H, applied
along t (red) and n (blue). In (b) and (c), RL0 are (subtracted) resistance backgrounds.
is smaller than that corresponding to an ideal (fully inverse)
cationic distribution, assuming a spin-only magnetic moment
of high-spin Co2+(S = 3/2) ions at the octahedral B sites
in the CFO layer (3 μB f.u.−1 ≈ 376 emu cm−3). Notice that a
partial inversion (Fe1−xCox)T [Fe1+xCo1−x]OO4 (x > 0) (here
the subscripts O and T indicate octahedral and tetrahedral
sites, respectively) would lead to saturation magnetization
values larger rather than smaller. The observation of a reduced
magnetization is usually attributed to: (i) the presence of
antiphase boundaries formed during thin film growth that
introduce hard-to-saturate antiferromagnetic regions in the
film [28–30] and (ii) the presence of surface anisotropy [31],
both effects contributing to a slow approach to saturation. We
note in passing that, although the measurements reported here
have been done at 300 and 100 K and the magnetization should
further increase at the lowest temperature, the fact that the
Curie temperature of CFO films has been reported to be as high
as 840 K [32], and values ranging from 520 to 683 K are quoted
for bulk CFO by Smith and Wijn [33] and Chikazumi and
Charap [34], respectively, indicate that the expected thermally
induced increase of magnetization down to 0 K cannot be larger
than about 10%, which is insufficient to explain the observed
reduction, and consequently, other mechanisms cooperate and
rule the observed suppression of magnetization.
In Fig. 2(a), we show M(H ) loops of the
STO//CFO(40 nm)/Pt sample recorded at 100 K, with
H//t and H//n (t and n are unit vectors transverse to the
current path within the film plane and perpendicular to
it, respectively). It can be appreciated that the coercive
fields along these two perpendicular directions are almost
coincident; this observation indicates that shape anisotropy
is not prevalent in the film, and it is consistent with the fact
that, in CFO films on STO, the easy axis is along the [100]
direction [35], thus implying identical (assuming a cubic
CFO unit cell) projections along t and n directions plane.
In Fig. 2(b), we show the longitudinal magnetoresistance
RL(β) measured at 100 K, when the field is rotated in a
plane perpendicular to the measuring current. Here, β is the
angle between the applied field H (20 and 70 kOe) and the
normal to the film. The data display the cos2(β) dependence
expected for Rashba-induced magnetoresistance [4] and for
SMR [16]. We stress that, in this measuring configuration, the
AMR contribution should vanish, and SMR should saturate
when the magnetization of the layer saturates. However,
the SMR does not. This is confirmed in Fig. 2(c), where
RL(H ) curves recorded at H//t and H//n do not saturate up
to 90 kOe, whereas the M(H ) [see Fig. 2(a)] displays only a
small differential susceptibility in the 50–90 kOe range. At
this point, it is important to note that, as mentioned above,
when referring to the magnetization data of Fig. 2(a), the
substrate contribution is eliminated by subtracting the linear
high-field magnetization data. This commonly used procedure
unavoidably entangles any high-field susceptibility of the film
with the large diamagnetic contribution of the substrate, thus
hiding any intrinsic high-field susceptibility of the film and
challenging an accurate determination of film magnetization.
The SMR, being insensitive to substrate contribution, shows
in the crudest way a large high-field slope which originates
from the film magnetization. To get information on the
genuine magnetic properties of the CFO layers, we have
performed XMCD measurements at the (Fe,Co)-L2,3 core
levels on the STO//CFO(28 nm)/Pt/CFO(28 nm) sample. For
this purpose, we have used two different photon energy beam
lines. The soft x-ray energy beam (at ALBA synchrotron)
allows inspection of L-Fe,Co edges and, with a reduced
sensitivity, the M-Pt edge, whereas a higher energy beam at
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FIG. 3. (a) Fe-L2,3 and (b) Co-L2,3 2p XMCD spectra STO//CFO(28 nm)/Pt/CFO(28 nm) sample (295 K, 60 kOe, normal incidence). The
black, red, and blue lines (left axis) show the absorption for σ− and σ+ photon helicities and the dichroic (σ− − σ+) spectra, respectively. The
green line shows the integrated difference spectrum (right axis).
ESRF allows access to the more sensitive L-Pt edge. Results
are described consecutively in the following.
In Figs. 3(a) and 3(b), we show the (Fe,Co)-L2,3 XMCD
spectra of the STO//CFO(28 nm)/Pt/CFO (28 nm) sample
collected at room temperature under a field of 60 kOe
at normal beam incidence (H parallel to the beam). The
corresponding magnetization loops are shown in Fig. 1(b).
The integrated areas under the corresponding dichroic signals
(right axes) allow extracting the spin and angular parts of
the magnetic moment and the corresponding mL/mS ratio.
It turns out that mS(Fe3+) = 0.31 μB, mL(Fe3+) = 0.026 μB,
and mS(Co2+) = 1.19 μB, mL(Co2+) = 0.525 μB, where these
values correspond to the net total moment averaged over the
different cation species at the tetrahedral and octahedral sites
of (Fe1−xCox)T [Fe1+xCo1−x]OO4. In this context, one has to
note the well-known limitations pertinent to the spin sum rule
for the determination of the effective spin moment [36] that
can be taken into account by the introduction of correction
factors, which have been reported to by of the order of about
8% for the late transition metals such as Co2+(3d7), and about
31% for Fe3+(3d5) systems. Applying these corrections to
the above averaged spin moments, we obtain mS(Fe3+) =
0.44 μB and mS(Co2+) = 1.3 μB. From these corrected spin
values and the corresponding orbital magnetic moments, we
estimate MS ≈ 2.76 μB f.u.−1 CFO. We note that this value
is larger by about a factor of two than that derived from the
SQUID data [Fig. 1(b)], illustrating how critical the subtraction
of the substrate contribution from the measured magnetic
moment in SQUID measurements is and/or differences in
averaged (SQUID) and surface (XMCD) film magnetization.
However, it is still smaller than that expected value for a fully
inverse, spin-only, CFO spinel (MS = 3 μB f.u.−1) if all atomic
magnetic moments were aligned along the magnetic field axis.
Last but not least, we would like to note that equivalent XMCD
measurements on a CoFe2O4 single crystal did yield a total
magnetic moment of 3.23 μB f.u.−1 [37].
Of major interest here are the XMCD data recorded at
the Pt-M3 and Pt-L2,3 absorption edges, which probe the
magnetism of Pt atoms with element specificity. Figures 4(a)
and 4(b) show, respectively, the room-temperature soft x-ray
XAS and XMCD signals measured at Pt-M3 edge of the
STO//CFO(28 nm)/Pt bilayer using TEY at normal incidence
and for a 70% circular polarization.
These measurements indicate that there is no appreciable
magnetic dichroism under an applied magnetic field of 60 kOe.
For comparison, we measured a SiN membrane supported
[Co(0.5 nm)/Pt(0.5 nm)]3 multilayer which clearly evidences
a Pt magnetic moment by an XMCD with magnitude of about
5% percent of the Pt-M3 white line intensity. The differences
between the main edge peak structure apparent between Pt
XANES in Figs. 4(a) and 4(b) arise mainly due to the different
absorption backgrounds present in the Pt/CFO//STO structure
as compared to the much simpler Pt/Co/SiN membrane
sample. The latter membrane sample substrate itself has a
weak background and consists of Pt, Co ultrathin layers only,
whereas the former spin Hall structure includes much more
elements and a larger film thickness, thus resulting in much
larger nonresonant background contributions superposed to
the Pt-M3 edge [38]. In the following, we provide some
considerations that allow estimating an upper bound value for
the vanishing Pt-M3 XMCD and its corresponding magnetic
moment.
To establish a suitable calibration for XMCD at the rarely
used soft x-ray photon energy of the Pt-M3 edge, the (Co/Pt)3
reference multilayer serves only as a rough estimate because
Co/Pt interface magnetic moments can depend strongly on
the interface quality and degree of alloying. If we assume a
value for the induced Pt moment of 0.3 μB/Pt which is typical
of multilayers [39], that would calibrate the XMCD at the
Pt-M3 edge at roughly 0.3 μB/Pt × (1/5%), i.e. 0.06 μB/Pt
per 1% XMCD at the Pt-M3 edge. An alternative calibration
could be based on a better defined reference such as a bulk
alloy, for which we note that, in Co-Pt3 alloys, Grange
et al. [39] reported a XMCD ≈ 10% at the Pt-L3 edge for a
magnetic moment of ≈0.3 μB/Pt. Therefore, considering that
the XMCD at L3 and M3 edges are in an approximate ratio of
5 to 1 from the rough comparison of theoretical simulations
for CoPt3 and FePt3 alloys (see V. Antonov, B. Harmon,
and A. Yaresko, p. 372 [40]), we can estimate that a Co-Pt
sample, having a magnetization of ≈0.3 μB/Pt would display
a XMCD ≈ 2% at the Pt-M3 edge. Taking into account that
our Pt-M3 measurements were performed using 70% circularly
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FIG. 4. (a) X-ray absorption spectra for photon (σ+ and σ−) helicities and (b) (σ+ − σ−) dichroism at the Pt-M3 edge for the STO//CFO(28
nm)/Pt sample. XAS has been normalized to 1.0 at the white line peak. (b) XMCD signal scaled as a percentage of the white line intensity at
about 2649 eV. The red arrow indicates the average [≈0.4(7)%] XMCD value at the white line photon energy region (short black dotted line)
with respect to the zero XMCD baseline (long black dotted line).The corresponding XAS and XMCD on a reference (Co/Pt)3 multilayer in
(c) and (d) illustrates the measurement sensitivity for probing Pt magnetic moment at Pt-M3 edge.
polarized light, the expected XMCD at the M-edge signal for
this given Pt magnetic moment would be about 1.4%, yielding
an approximate calibration of 0.21 μB/Pt per 1% XMCD at
the Pt-M3 edge.
In our measurements shown in Fig. 4(b), if we assume
XMCD is essentially zero over the whole energy range, the
noise (standard deviation of XMCD data) amounts to 0.3%.
If there would be any XMCD at the Pt-M3 edge, it would
be expected in a region around the Pt-M3 peak maxima
[as in the case on Fig. 4(d)]: considering the range 2629
to 2641 eV, the mean value for XMCD is ∼0.5% with a
standard deviation of ∼0.3%. Therefore, one could consider
this 0.4(7)% mean value as a statistical representative value
for XMCD in this sample at the Pt-M3 edge. The Pt-M3 region
and its statistical XMCD mean value are indicated with a
short black dotted line in Fig. 4. According to the approximate
calibrations established above, this would set an upper bound
for thickness-averaged magnetic moment of the Pt layer in
the Pt/CoFe2O4 bilayer between 0.5% × 0.06 μB-Pt/% =
0.03 μB/Pt and 0.5% × 0.21 μB-Pt/% = 0.10 μB/Pt. The re-
sulting 0.03–0.10 μB range of values for the Pt layer-averaged
magnetic moment supports that, in our Pt/CoFe2O4 bilayer,
the proximity effects are very weak or eventually absent. This
discussion also evidences that, in spite of the rather good zero
measurements at the Pt-M3 edge, additional measurements
with increased sensitivity are needed to push the upper bound
of the Pt magnetic averaged moment to even lower values.
As mentioned, we performed complementary measure-
ments of the STO//CFO(28 nm)/Pt sample at the Pt-L3,2 edges
at the ESRF ID12 beamline, which allowed us to benefit from
the larger Pt-L3,2 edges XMCD sensitivity combined with
the use of a very efficient lock-in based detection scheme.
In Fig. 5 (left axis), we show the near-edge XAS (XANES)
spectra around the Pt-L2,3 edges collected at grazing incidence
(5°), measured with fluorescence yield and under H = 9 kOe
at room temperature. We note that the XANES spectrum is
typical of metallic Pt [41], in particular evidencing clear line
shape wiggles at energies (11 587, 11 300 eV) right above L3,
L2 edges, which are well known to be characteristic of metallic
Pt [42]. More quantitatively, following Gepra¨gs et al. [42],
it is to be noted that the Pt-L3 white line intensity in our
sample is of about 1.24, a value closely matching that found for
metallic Pt (1.25) and definitely much smaller than that of the
corresponding Pt edge in PtOx [43]. This denies oxidation of
Pt due to the relatively high deposition temperature (400 ◦C) or
implantation due to the sputtering process, and it is indicative
of a clean and sharp high-quality Pt interface.
In Fig. 5 (right axis), we show the corresponding XMCD.
No XMCD signal is apparent, remaining within the noise
level. This implies that any magnetic moment at the Pt
atoms should be 0.001 μB/Pt averaged over the Pt layer
thickness. It is worth recalling that the used experimental
arrangement at ESRF beamline ID12 has a well-proven record
of ultimate sensitivity to Pt moments: it has been used to
measure the XMCD signal at the Pt-L3 edge in Pt(3 nm)/Fe(10
nm) bilayers, indicating an induced Pt magnetic moment of
FIG. 5. X-ray absorption spectra (black line, left axis) measured
across the Pt-L3,2 atomic absorption edges of the STO//CFO(28
nm)/Pt sample. Right axis: XMCD signal.
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0.03 μB/Pt averaged over the complete Pt film thickness [26].
It follows that, in our STO//CFO(28 nm)/Pt film, using the
Pt-L3 edge, we can set an upper value for the average Pt
magnetic moment (0.001 μB/Pt). This value is more than
one order of magnitude smaller than that found for the Pt/Fe
interface (0.03 μB/Pt) and about 50 times smaller than the
Pt magnetic moment previously reported in Pt/YIG bilayers
[m(Pt) ≈ 0.05 μB/Pt] [25]. We notice that, in spite of the layer
averaging characteristics of fluorescence, which has been taken
into account in the analysis, the sensitivity of the measurement
is so high that still sets a very negligible value (upper bond)
for any Pt magnetic moment in any point of the layer. We also
stress that, for close to optimum magnetoresistance structures,
Pt layers have thickness in the range of 5 to 10 nm, which give
fluorescence a similar or higher sensitivity to the very Pt/CFO
interface than a TEY approach.
Before concluding, we should add that XMCD experiments
are only sensitive to magnetic moments that project along
the beam direction, which is also the direction of the applied
magnetic field, and experiments at ESRF ID12 beamline have
been performed at grazing incidence. In the presence of surface
anisotropy affecting Pt moments, the present results could not
be more than an upper bound to any possible induced magnetic
moment. However, at the magnetic field used in the ESRF
XMCD experiments (9 kOe), according to the magnetic data
in Fig. 1(b), the CFO magnetization is already at 50% of its
highest value, and thus a correspondingly adapted upper limit
could be a factor of two larger, i.e. M(Pt)  0.002 μB/Pt.
IV. SUMMARY AND CONCLUSIONS
In summary, XMCD measurements at the Fe- and Co-L2,3
edges of STO//CFO(28 nm)/Pt/CFO(28 nm) heterostructures
give clear evidence of a reduced magnetization, thus sup-
porting the view that antiphase boundaries limit the CFO
magnetization, both in the film bulk and at its surface. As
a natural consequence, the film magnetization approaches
saturation in a very slow manner, and this observation provides
a simple explanation for the observation that the magne-
toresistance increases with field [Fig. 2(c)] at field values
where the bulk magnetization loops appear already rather
saturated. As SMR is a genuine interface effect limited by
the spin mixing conductance across interfaces, it is extremely
sensitive to interface magnetism. Importantly, the XMCD
measurements at the Pt-L2,3 in STO//CFO(28 nm)/Pt set an
upper bound for Pt magnetic moment of 0.002 μB/Pt. This
observation would indicate that magnetic proximity effects in
this interface are negligible, thus supporting the view that the
observed magnetoresistance of the Pt layer is due to either
SMR or Rashba field; as mentioned, the angular dependence
of the magnetoresistance alone does not permit to discriminate
among these different scenarios. In any event, the results
reported here hold in a set of high-quality, PLD-grown CFO
layers with in situ (UHV) sputtered Pt overlayers; it should not
be a surprise that differences on interface structure and quality,
density of antiphase boundaries, or other morphological and
structural properties may impact SMR and proximity effects,
eventually yielding different results, as might be the case for
YIG systems [44–47]. After completion of this paper, Kuschel
et al. [48] reported x-ray resonant magnetic reflectivity data
on Pt/NiFe2O4 and concluded that the magnetic moment at
Pt should be below 0.02 μB/Pt. Our present data set a lower
upper bound for the Pt moment about one order of magnitude
lower, which is in agreement also with a recent report [17].
In this paper, we have focused on the spin magnetoresis-
tance originating from current-induced pure spin currents. Spin
currents can also be originated, among others, by thermal
gradients giving rise to spin Seebeck effects [49]. In this
context, hybrid Pt/CoFe2O4 bilayers have also been recently
explored and shown that thermally generated spin currents can
also diffuse across Pt/CoFe2O4 interfaces [50,51]. It thus may
not be a surprise that similar effects to those reported here could
be detected, namely a nonsaturation of the thermally generated
currents, and thus of the corresponding Seebeck voltage in the
Pt probing contacts, while the film magnetization loops appear
to be saturated.
ACKNOWLEDGMENTS
This work is supported by: the European Union under
the NMP project (263104-HINTS) and the European Re-
search Council (257654-SPINTROS); the Spanish Ministry of
Economy and Competitiveness, through the “Severo Ochoa”
Program for Centers of Excellence in R&D (SEV-2015-
0496) contract and the projects MAT2012-37638, MAT2014-
56063-C2-1-R, FIS2013-45469-C4-3-R, MAT2014-59315-R
and MAT2015-65159-R, and by the Catalan Government grant
(2014 SGR 734). M.I. acknowledges the Basque Government
for a PhD fellowship (BFI-2011-106). Beam time access at
ESRF and ALBA facilities, at beamlines ID12 and BL29
respectively, is also acknowledged.
[1] J. E. Hirsch, Spin Hall effect, Phys. Rev. Lett. 83, 1834 (1999).
[2] M. I. Dyakonov, Magnetoresistance Due to Edge Spin Accumu-
lation, Phys. Rev. Lett. 99, 126601 (2007).
[3] T. Jungwirth, J. Wunderlich, and K. Olejnik, Spin Hall effect
devices, Nat. Mater. 11, 382 (2012).
[4] V. L. Grigoryan, W. Guo, G. E. W. Bauer, and J. Xiao, Intrinsic
magnetoresistance in metal films on ferromagnetic insulators,
Phys. Rev. B 90, 161412 (2014).
[5] I. V. Tokatly, E. E. Krasovskii, and G. Vignale, Current-induced
spin polarization at the surface of metallic films: A theorem and
an ab initio calculation, Phys. Rev. B 91, 035403 (2015).
[6] S. Ve´lez, V. N. Golovach, A. Bedoya-Pinto, M. Isasa, E.
Sagasta, M. Abadia, C. Rogero, L. E. Hueso, F. S. Bergeret,
and F. Casanova, Hanle Magnetoresistance in Thin Metal Films
with Strong Spin-Orbit Coupling, Phys. Rev. Lett. 116, 016603
(2016).
[7] H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y.
Kajiwara, D. Kikuchi, T. Ohtani, S. Gepra¨gs, M. Opel, S.
Takahashi, R. Gross, G. E. W. Bauer, S. T. B. Goennenwein,
and E. Saitoh, Spin Hall Magnetoresistance Induced by a
Nonequilibrium Proximity Effect, Phys. Rev. Lett. 110, 206601
(2013).
214415-6
ABSENCE OF MAGNETIC PROXIMITY EFFECTS IN . . . PHYSICAL REVIEW B 93, 214415 (2016)
[8] C. Hahn, G. de Loubens, O. Klein, M. Viret, V. V. Naletov,
and J. Ben Youssef, Comparative measurements of inverse
spin Hall effects and magnetoresistance in YIG/Pt and YIG/Ta,
Phys. Rev. B 87, 174417 (2013).
[9] N. Vlietstra, J. Shan, V. Castel, B. J. van Wees, and J. Ben
Youssef, Spin-Hall magnetoresistance in platinum on yttrium
iron garnet: dependence on platinum thickness and in-plane/out-
of-plane magnetization, Phys. Rev. B 87, 184421 (2013).
[10] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T.
B. Goennenwein, E. Saitoh, and G. E. W. Bauer, Theory of spin
Hall magnetoresistance, Phys. Rev. B 87, 144411 (2013).
[11] N. Vlietstra, J. Shan, B. J. van Wees, M. Isasa, F. Casanova,
and J. Ben Youssef, Simultaneous detection of the spin-Hall
magnetoresistance and the spin-Seebeck effect in platinum and
tantalum on yttrium iron garnet, Phys. Rev. B 90, 174436 (2014).
[12] Y. Yang, B. Wu, K. Yao, S. Shannigrahi, B. Zong, and Y. Wu,
Investigation of magnetic proximity effect in Ta/YIG bilayer
Hall bar structure, J. Appl. Phys. 115, 17C509 (2014).
[13] T. Lin, C. Tang, H. M. Alyahayaei, and J. Shi, Experimental
Investigation of the Nature of the Magnetoresistance Effects in
Pd-YIG Hybrid Structures, Phys. Rev. Lett. 113, 037203 (2014).
[14] M. Althammer, S. Meyer, H. Nakayama, M. Schreier, S.
Altmannshofer, M. Weiler, H. Huebl, S. Gepra¨gs, M. Opel,
R. Gross, D. Meier, C. Klewe, T. Kuschel, J.-M. Schmalhorst,
G. Reiss, L. Shen, A. Gupta, Y.-T. Chen, G. E. W. Bauer, E.
Saitoh, and S. T. B. Goennenwein, Quantitative study of the
spin Hall magnetoresistance in ferromagnetic insulator/normal
metal hybrids, Phys. Rev. B 87, 224401 (2013).
[15] Z. Ding, B. L. Chen, J. H. Liang, J. Zhu, J. X. Li, and Y. Z. Wu,
Spin Hall magnetoresistance in Pt/Fe3O4 thin films at room
temperature, Phys. Rev. B 90, 134424 (2014).
[16] M. Isasa, A. Bedoya-Pinto, S. Ve´lez, F. Golmar, F. Sanchez,
L. E. Hueso, J. Fontcuberta, and F. Casanova, Spin Hall
magnetoresistance at Pt/CoFe2O4 interfaces and texture effects,
Appl. Phys. Lett. 105, 142402 (2014).
[17] H. Wu, Q. Zhang, C. Wan, S. S. Ali, Z. Yuan, L. You, J. Wang, Y.
Choi, and X. Han, Spin Hall magnetoresistance in CoFe2O4/Pt
films, IEEE Trans. Magn. 51, 4100104 (2015).
[18] J. H. Han, C. Song, F. Li, Y. Y. Wang, G. Y. Wang, Q. H. Yang,
and F. Pan, Antiferromagnet-controlled spin current transport in
SrMnO3/Pt hybrids, Phys. Rev. B 90, 144431 (2014).
[19] A. Aqeel, N. Vlietstra, J. A. Heuver, G. E. W. Bauer, B. Noheda,
B. J. van Wees, and T. T. M. Palstra, Spin-Hall magnetoresistance
and spin Seebeck effect in spin-spiral and paramagnetic phases
of multiferroic CoCr2O4 films, Phys. Rev. B 92, 224410 (2015).
[20] S. Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang, J. Wu,
T. Y. Chen, J. Q. Xiao, and C. L. Chien, Transport Magnetic
Proximity Effects in Platinum, Phys. Rev. Lett. 109, 107204
(2012).
[21] Y. M. Lu, J. W. Cai, S. Y. Huang, D. Qu, B. F. Miao, and
C. L. Chien, Hybrid magnetoresistance in the proximity of a
ferromagnet, Phys. Rev. B 87, 220409(R) (2013).
[22] B. F. Miao, S. Y. Huang, D. Qu, and C. L. Chien, Physical
Origins of the New Magnetoresistance in Pt/YIG, Phys. Rev.
Lett. 112, 236601 (2014).
[23] F. Wilhelm, P. Poulopoulos, G. Ceballos, H. Wende, K.
Baberschke, P. Srivastava, D. Benea, H. Ebert, M. Angelakeris,
N. K. Flevaris, D. Niarchos, A. Rogalev, and N. B. Brookes,
Layer-Resolved Magnetic Moments in Ni/Pt Multilayers, Phys.
Rev. Lett. 85, 413 (2000).
[24] A. Hoffmann, J. W. Seo, M. R. Fitzsimmons, H. Siegwart, J.
Fompeyrine, J. P. Locquet, J. A. Dura, and C. F. Majkrzak,
Induced magnetic moments at a ferromagnet-antiferromagnet
interface, Phys. Rev. B 66, 220406 (2002).
[25] Y. M. Lu, Y. Choi, C. M. Ortega, X. M. Cheng, J. W. Cai, S.
Y. Huang, L. Sun, and C. L. Chien, Pt Magnetic Polarization
on Y3Fe5O12 and Magnetotransport Characteristics, Phys. Rev.
Lett. 110, 147207 (2013).
[26] S. Gepra¨gs, S. Meyer, S. Altmannshofer, M. Opel, F. Wilhelm,
A. Rogalev, R. Gross, and S. T. B. Goennenwein, Investigation
of induced Pt magnetic polarization in Pt/Y3Fe5O12 bilayers,
Appl. Phys. Lett. 101, 262407 (2012).
[27] N. Dix, I. Fina, R. Bachelet, L. Fabrega, C. Kanamadi, J.
Fontcuberta, and F. Sanchez, Large out-of-plane ferroelectric
polarization in flat epitaxial BaTiO3 on CoFe2O4 heterostruc-
tures, Appl. Phys. Lett. 102, 172907 (2013).
[28] D. T. Margulies, F. T. Parker, M. L. Rudee, F. E. Spada, J. N.
Chapman, P. R. Aitchison, and A. E. Berkowitz, Origin of the
Anomalous Magnetic Behaviour in Single Crystal Fe3O4 Films,
Phys. Rev. Lett. 79, 5162 (1997).
[29] W. Eerenstein, T. T. M. Palstra, S. S. Saxena, and T. Hibma, Spin-
Polarized Transport Across Sharp Antiferromagnetic Bound-
aries, Phys. Rev. Lett. 88, 247204 (2002).
[30] F. C. Voogt, T. T. M. Palstra, L. Niesen, O. C. Rogojanu, M. A.
James, and T. Hibma, Superparamagnetic behavior of structural
domains in epitaxial ultrathin magnetite films, Phys. Rev. B 57,
R8107 (1998).
[31] R. H. Kodama, A. E. Berkowitz, E. J. McNiff, and S. Foner,
Surface Spin Disorder in NiFe2O4 Nanoparticles, Phys. Rev.
Lett. 77, 394 (1996).
[32] Y. Suzuki, G. Hu, R. B. van Dover, and R. J. Cava, Magnetic
anisotropy of epitaxial cobalt ferrite thin films, J. Magn. Magn.
Mater. 191, 1 (1999).
[33] J. Smit and H. P. J. Wijn, Ferrites (Philips Technical Library,
Eindhoven, 1959).
[34] S. Chikazumi and S. H. Charap, Physics of Magnetism (Wiley,
New York, 1964).
[35] M. Isasa, E. Sagasta, A. Bedoya-Pinto, S. Ve´lez, N. Dix, F.
Sanchez, L. E. Hueso, J. Fontcuberta, and F. Casanova, Spin
Hall magnetoresistance as a probe for surface magnetization in
Pt/CoFe2O4 bilayers, arXiv:1510.01449.
[36] C. Piamonteze, P. Miedema, and F. M. F. de Groot, Accuracy
of the spin sum rule in XMCD for the transition-metal L
edges from manganese to copper, Phys. Rev. B 80, 184410
(2009).
[37] E. Pellegrin (unpublished).
[38] The slope difference between Pt XANES in Figs. 4(a) and 4(b)
relates to both signal normalization and background. On the
Pt/CFO//STO sample, in Fig. 4(a), we are plotting the sample
signal normalized to incident photon flux as measured by the
beamline last mirror in order to maximize the incident flux on the
sample, whereas on the Pt/Co multilayer, we introduced a gold
mesh that allows a somewhat better normalization but has only
50% transmittance (we averaged more). Besides that, the main
difference arises because, for the Pt/CFO/STO sample, there are
thicker layers, and many more elements such as Sr, Ti, Fe, etc.
that add a larger background as compared to the very thin Pt/Co
multilayer on a SiN membrane which is almost background free.
The characteristic undulator-originated harmonic composition
of the x-ray beam—i.e., its imperfect monochromaticity—also
214415-7
M. VALVIDARES et al. PHYSICAL REVIEW B 93, 214415 (2016)
has some additional influence on the measured backgrounds
across a resonant absorption edge.
[39] W. Grange, M. Maret, J.-P Kappler, J. Vogel, A. Fontaine,
F. Petroff, G. Krill, A. Rogalev, J. Goulon, M. Finazzi,
and N. B. Brookes, Magnetocrystalline anisotropy in (111)
CoPt3 thin films probed by x-ray magnetic circular dichroism,
Phys. Rev. B 58, 6298 (1998).
[40] V. Antonov, B. Harmon, and A. Yaresko, Electronic Structure
and Magneto-Optical Properties of Solids Kluwer Academic
(Kluwer Academic Publishers, Dordrecht, 2013).
[41] D. Friebel, D. J. Miller, C. P. O’Grady, T. Anniyev, J. Bargar, U.
Bergmann, H. Ogasawara, K. T. Wikfeldt, L. G. M. Pettersson,
and A. Nilsson, In situ X-ray probing reveals fingerprints of
surface platinum oxide, Phys. Chem. Chem. Phys. 13, 262
(2011).
[42] S. Gepraegs, S. T. B. Goennenwein, M. Schneider, F. Wilhelm,
K. Ollefs, A. Rogalev, and M. Opel, Comment on Pt magnetic
polarization on Y3Fe5O12 and magnetotransport characteristics,
arXiv:1307.4869.
[43] A. V. Kolobov, F. Wilhelm, A. Rogalev, T. Shima, and J.
Tominaga, Thermal decomposition of sputtered thin PtOx layers
used in super-resolution optical disks, Appl. Phys. Lett. 86,
121909 (2005).
[44] C. Burrowes, B. Heinrich, B. Kardasz, E. A. Montoya, E. Girt,
Y. Sun, Y.-Y. Song, and M. Wu, Enhanced spin pumping at
yttrium iron garnet/Au interfaces, Appl. Phys. Lett. 100, 092403
(2012).
[45] Z. Qiu, K. Ando, K. Uchida, Y. Kajiwara, R. Takahashi, H.
Nakayama, T. An, Y. Fujikawa, and E. Saitoh, Spin mixing
conductance at a well-controlled platinum/yttrium iron garnet
interface, Appl. Phys. Lett. 103, 092404 (2013).
[46] Y. Ando, K. Ichiba, S. Yamada, E. Shikoh, T. Shinjo, K. Hamaya,
and M. Shiraishi, Giant enhancement of spin pumping efficiency
using Fe3Si ferromagnet, Phys. Rev. B 88, 140406 (2013).
[47] M. B. Jungfleisch, V. Lauer, R. Neb, A. V. Chumak, and B.
Hillebrands, Improvement of the yttrium iron garnet/platinum
interface for spin pumping-based applications, Appl. Phys. Lett.
103, 022411 (2013).
[48] T. Kuschel, C. Klewe, J.-M. Schmalhorst, F. Bertram, O.
Kuschel, T. Schemme, J. Wollschla¨ger, S. Francoual, J.
Strempfer, A. Gupta, M. Meinert, G. Go¨tz, D. Meier, and G.
Reiss, Static Magnetic Proximity Effect in Pt/NiFe2O4 and Pt/Fe
Bilayers Investigated by X-Ray Resonant Magnetic Reflectivity,
Phys. Rev. Lett. 115, 097401 (2015).
[49] K. Uchida, M. Ishida, T. Kikkawa, A. Kirihara, T. Murakami, and
E. Saitoh, Longitudinal spin Seebeck effect: from fundamentals
to applications, J. Phys.: Condens. Matter 26, 389601 (2014).
[50] T. Niizeki, T. Kikkawa, K.-i. Uchida, M. Oka, K. Z. Suzuki, H.
Yanagihara, E. Kita, and E. Saitoh, Observation of longitudinal
spin-Seebeck effect in cobalt-ferrite epitaxial thin films, AIP
Advances 5, 053603 (2015).
[51] E.-J. Guo, A. Herklotz, A. Kehlberger, J. Cramer, G. Jakob,
and M. Klaeui, Thermal generation of spin current in epitaxial
CoFe2O4 thin films, Appl. Phys. Lett. 108, 022403 (2016).
214415-8
